Abstract: This paper introduces a spectral slicing technique that extends the useful spectral range of frequency combs generated through self-phase modulation (SPM) of mode-locked laser pulses. When generating frequency combs by SPM, the spectral range with high-quality carriers is usually limited due to spectral minima carrying too little power. To overcome these limitations, we combine suitable slices of broadened and nonbroadened spectra. The concept was experimentally verified: A total number of 325 consecutive equidistant subcarriers span a bandwidth of 4 THz. All subcarriers have an optical carrier-power-to-noise-power-density ratio (OCNR) larger than 25.8 dB (0.1 nm) and were derived from one mode-locked laser with a mode linewidth of approximately 1 kHz. The signal quality of the comb and in particular of each subcarrier was ultimately tested in a terabit-per-second communication experiment. The comb quality allowed us to transmit 32.5 Tb/s over 225 km with 100 Gb/s dual polarization 16-ary quadrature amplitude modulation (16QAM) signals on each of the subcarriers.
Optical frequency combs are most attractive for the latest generation of optical multi-carrier communication systems, where information is encoded in so called superchannels. To generate Tbit/s superchannels, data is encoded on multiple closely spaced, equidistant optical carriers and subsequently multiplexed. Such systems require a precisely controlled carrier spacing, which is inherently provided by optical comb sources. Here, a single comb source could replace hundreds of lasers, which would otherwise have to be controlled precisely in their relative and absolute frequencies. Prominent examples of such superchannel communication systems are based on all-optical orthogonal frequency division multiplexing (OFDM) [16] , no guard interval OFDM [20] , coherent wavelength division multiplexing (Co-WDM) [9] , and Nyquist WDM [8] , [21] [22] [23] . However, such schemes require a precise control of carrier frequencies [9] , [16] , [20] [21] [22] , and in rare cases even of the carrier phases with respect to the symbol time slot [9] . Fortunately, in optical frequency comb sources, the carrier spacing is extremely precise, and strictly linear time dependencies of the phases between carriers are maintained, making them ideally suited for this application.
However, in order to use the carriers of an optical frequency comb for communications they must have a sufficiently narrow spacing (e.g., 12.5 or 25 GHz) and offer sufficient quality. This actually means that
All the optical carriers should be of equal power (or follow a defined spectral distribution). This is needed to achieve a similar performance of the data encoded on the carriers and to avoid one modulated carrier limiting the performance of all neighbors through crosstalk. Equal power in all carriers typically can be achieved through equalization of a generated frequency comb [14] , [16] .
The carriers must have a minimum carrier-power to noise-power-density ratio (CNR). The CNR ultimately limits the amount of information that can be encoded on a single subcarrier. The CNR directly defines the maximum achievable signal-to-noise ratio (SNR), for which minimum values can be found in tables.
The linewidth of all carriers has to be narrow. A narrow linewidth (low phase noise) is fundamentally neededVparticularly for transmission systems making use of phase encoded signals. Coherent transmission systems typically need a laser linewidth that is significantly smaller than 100 kHz. Quite a few schemes have been experimentally investigated for use in optical communication systems that can fulfill these requirements to a smaller or larger extent. Among these are comb generators based on optical modulators [9] , [10] , [24] , also in the form of recirculating frequency shifters [7] , [11] , [12] , micro resonators [15] , [25] , [26] , and mode-locked lasers (MLL) with spectral broadening in highly nonlinear fibers (HNLF) [13] , [14] . All these schemes have different advantages and drawbacks: Schemes using modulators typically have a sufficient carrier quality but only offer a few lines and the operation points of the modulators have to be controlled precisely. Schemes that exploit self-phase modulation (SPM) typically provide a sufficient number of subcarriers, but the CNR is low at the spectral minima and at the outer edges of the spectrum.
In this paper, we present a comb generator scheme based on slicing of spectra broadened in highly nonlinear fibers. The scheme extends the usable bandwidth of frequency combs generated through SPM by removing the minima [27] in broadened spectra. The scheme promises a large number of carriers with ample power and CNR for optical transmission systems by spectrally composing suitable subspectra [16] . In our demonstration, we generate a total number of 325 carriers, which we derived from a single MLL. The MLL was measured to provide a linewidth of approximately 1 kHz. The CNR of all carriers of the frequency comb was larger than 25.8 dB and the quality was proven in a transmission experiment.
Spectral Minima in Self-Phase Modulation
Spectral broadening through self-phase modulation (SPM) can generate extremely broad frequency combs. However, as already observed by Stolen et al. in 1978 [27] , spectral minima occur for phase shifts significantly larger than . Typically, these minima are explained as destructive interference of spectral components that have experienced a relative phase shift of [28] .
In a simplified picture, the generation of the spectral minima in SPM can be illustrated as shown in Fig. 1 . The intensity of an optical impulse is displayed in a moving time frame z-v g t (group velocity v g ) along the propagation direction z, Fig. 1(a) . Due to the Kerr nonlinearity, the optical phase shift ' / I is in proportion to the local intensity I. The slopes of the impulse lead to a frequency offset Áf , Fig. 1(b) . If the maximum phase shift ' max is larger than , then above (and also below) Áf ¼ 0 there will be pairs of points with the same Áf but a relative phase shift Á' ¼ . In this simple picture, this will lead to destructive interference of these spectral components, and therefore to minima in the spectrum. In our example, these frequencies are labeled Áf 1 and Áf 2 . Fig. 2 presents simulated and measured power spectra that exhibit these minima. The simulated example spectra Fig. 2(a) are computed for a single spectrally broadened pulse. If Á' ! , spectral minima develop. As seen in the figure, the number of minima m allows for an estimation of the maximum phase shift ' max according to
This equation is related to the equation (4.1.14) in [28] , which gives a similar relation for the number of spectral maxima resulting from a certain maximum phase shift.
The measurement in Fig. 2(b) relates to the mode locked laser (MLL) with a repetition rate R ¼ 12:5 GHz, which was used for all experiments in this paper. Its comb line spectrum was amplified to the specified average powers and broadened by SPM. The minima are marked with white symbols Bv[. Because interference is involved, any instability in the optical MLL power leads to a frequency shift of these minima, and therefore to a pronounced instability of the neighboring comb lines.
Comb Generation by Spectral Slicing
The following scheme generates a frequency comb with a large bandwidth and a high carrier quality for all carriers. We propose to compose this high quality frequency comb from a seed spectrum and one or more broadened spectra [16] . We replace carriers at spectral minima of broadened spectra with a low carrier power and CNR by carriers from differently broadened spectra with a high carrier quality. This process has the four steps shown in Fig. 3 . First, we generate the seed spectrum using an optical pulse source, such as a MLL. From this seed spectrum, we then generate N optical Fig. 1 . Schematic phase and frequency shift in self-phase modulation of a single impulse with intensity I in a moving time frame z-v g t (propagation coordinate z, time t, group velocity v g ). (a) Nonlinear phase shift ' / I. The phase shift has a maximum ' max at the peak of the pulse and translates to a frequency shift Áf as seen in (b). In a simplified picture, each frequency shift occurs twice within one pulse (see example in this figure), but with a different phase. If the maximum phase shift ' max is larger than , there will be at least two pairs of points (Áf 1 and Áf 2 ), one with a positive Áf 1 and one with a negative frequency shift Áf 2 , which have a phase difference of Á' ¼ . This phase shift then leads to spectral destructive interference at these frequency shifts Áf 1 and Áf 2 . In our example these frequency shifts are symmetric around Áf ¼ 0, which is not necessarily the case for asymmetric impulses or in the presence of dispersion. spectra via spectral broadening elements (NLE), such as a highly nonlinear fiber (HNLF). Next, we use spectral slicing and composing in a reconfigurable optical multiplexer (e.g., waveshaper). Here, the usable parts of the seed spectrum and the N additional spectra are sliced and combined to form Fig. 3 . Concept of the optical comb generator by spectral slicing. First, N optical spectra are generated; a mode locked laser (MLL) generates the initial seed spectrum (as shown in green) that is spectrally broadened in a nonlinear element (NLE) to generate N broadened spectra with a large number of carriers (as shown in red). Second, the output spectrum is generated from the N spectra using spectral slicing and composing; for this, the generated spectra are sliced and combined to form a wide spectrum. This wide spectrum is subsequently equalized to obtain the output spectrum of the comb generator. The lower part in this figure shows exemplary spectra for two combined optical spectra. Fig. 2 . Simulated and measured spectra for spectral broadening through self-phase modulation in a highly nonlinear fiber. (a) Single pulse with its spectrum labeled Binput[. After spectral broadening in a highly nonlinear fiber (HNLF), the maximum nonlinear phase shift is ' max . It increases proportional to the input power, which increases from left to right and from upper to lower row. The spectra exhibit minima for maximum nonlinear phase shifts significantly larger than [27] . (b) Non-broadened line spectrum of the mode locked laser (MLL), and line spectra broadened by SPM in the HNLF. The average input power to the HNLF is given in dBm. Spectral minima are marked with a white Bv[. For higher powers, not all minima are within the displayed bandwidth of 30 nm. The spectra were measured at the output of the HNLF in the setup seen in Fig. 4 . a continuous broad output spectrum. This effectively replaces all unstable and low-power parts of the optical spectra. Finally, the spectrum is equalized. The bottom inset in Fig. 3 illustrates this process for N ¼ 1.
For current implementations of this scheme with discrete components, the following points have to be kept in mind as they could limit the overall performance and/or usability for different applications:
A poor filter-stop band could limit the performance in several ways.
As a result of a poor filter-stop band multipath interference between carriers from different paths 0; 1; . . . N in Fig. 3 could lead to low frequency fluctuations in the kHz range due to thermal path length changes. This could result in phase and amplitude fluctuations of the comb lines. This did not pose an issue in our experiments as the 40 dB filter extinction ratio of the waveshaper was sufficient as outlined in Section 4. The filter's extinction ratio often is not sufficient at the edge of the filters when going from stop-band to pass band. In our experiment we indeed noticed some small crosstalk in the two lines where spectral slices are merged. However, this multipath interference should not be mistaken for coherent crosstalk in communication systems [29] , as the interfering laser lines do not carry any data at that point. And indeed, in our case it did not lead to any signal degradation.
A poor filter-stop band could also degrade the overall CNR as a result of summing up noise floors from different paths. This however is quite unlikely, as the noise floor of the interfering spectrum would have to be much higher than the noise floor in the desired spectrum as it is attenuated by the filter extinction. In our experiment this was most definitely not an issue as we started with a very good CNR that was further suppressed in the filters. As the different paths in the comb generator consist of different lengths of fiber, a decorrelation of the different segments of the comb could occur if the lengths are equal to or larger than the coherence length. This could lead to very small frequency shifts between spectral comb slices if the center frequency of the source laser drifts. Due to the short fiber length of 100 m and a coherence length in the order of 100 km, this was no issue in our experiments. Of course, in an ultimate integrated solution, the best stability could be by achieved by miniaturization that includes on chip nonlinear elements instead of HNLFs. Fig. 4 shows our experimental setup. A passively mode locked laser (MLLVErgo XG) with a repetition rate of 12.5 GHz and a pulse width below 2 ps generates the initial seed spectrum [ Fig. 4(a) ]. The spacing of the spectral lines equals the repetition rate, while the pulse width and shape determine the spectral envelope. The chirp of the MLL is adjusted by 5.4 m of standard dispersion compensating fiber (DCF). Different fiber lengths were tested, and the length generating the largest amount of SPM at the output of the HNLF was chosen for the experiment. The spectrum is amplified, and a 5 nm bandpass filter suppresses the amplifier noise. The laser signal is now split in two parts. One part is spectrally broadened by SPM [see Fig. 4(b) ] in a highly nonlinear photonic crystal fiber (HNLF). The HNLF is a photonic crystal fiber with the following parameters: length 100 m, dispersion 1.25 ps/nm/km, mode field diameter 2.8 AE 0.5 m, attenuation G 9 dB/km, nonlinear coefficient 19 W À1 km À1 . The other part is not broadened; instead, it is just passed through. Finally, the waveshaper slices, combines, and equalizes the broadened and the original MLL spectrum, thus producing the final output spectrum, Fig. 4(c) . To show the suppression and estimate possible fluctuations of the power in individual lines, we have performed the measurement shown in Fig. 4(d) . The most critical carriers are the carriers at the edges, where we only achieve a suppression of 9 16 dB. All other carriers have a suppression 9 30 dB and typically 40 dB. This corresponds to a power fluctuation of G 3 dB for the carriers at the edges and a fluctuation of G 0.6 and typically G 0.2 dB for the central carriers. The speed of these fluctuations only depends on linewidth and frequency stability of the MLL and the stability of the interferometer. In our experiment, these fluctuations were extremely slow due to the high stability of the MLL.
Experimental Setup of the Broadband Spectrally Sliced Comb Source
The resulting flat frequency comb shown in Fig. 4 (c) has 325 high-quality carriers that have been used for multiple Terabit/s transmission experiments [8] , [16] with aggregate data rates of up to 32.5 Tbit/s [8] . In these experiments, we carefully measured data transmission on each and every spectral line of the generated frequency comb. We observed a similar performance for all subcarriers and did not see any impact of multipath interference [8] , [16] .
Characterization

Linewidth Characterization of the Mode Locked Laser
The linewidth of the individual modes of the MLL fundamentally limits the linewidth of the carriers in the broadened comb. We therefore measured the linewidths of five modes of the MLL, which we found to be approximately 1 kHz. We were limited to these five modes around 1550 nm due to the fixed wavelength of the narrow linewidth reference laser.
The linewidth of lasers is often measured using a delayed self-heterodyne technique [30] , [31] , in which the laser is split and one copy is decorrelated in a fiber delay line before being mixed with the original laser line. However, from our transmission experiments with this comb source [8] , we expect an extremely low linewidth. This would results in an excessively long fiber length required for decorrelation [30] . Such a long fiber delay renders self-heterodyne measurements extremely susceptible to acoustic noise and other environmental influences. As such types of noise have significant frequency components in the same order of magnitude as the linewidth of interest, selfheterodyne measurements were not practical.
We therefore chose to measure the linewidth through a heterodyne measurement [31] . Normally, one would perform the measurement by combining the laser line under test with a narrow linewidth laser (NLWL) and then detecting the signal in a photodiode. The photocurrent is then analyzed in an RF-spectrum analyzer. However, due to the low measurement speed of these analyzers, this scheme requires wavelength tracking to compensate for slow drifts of the laser wavelengths [31] . Therefore, we decided for a new technique. To measure the linewidth of the laser without the drift of the laser wavelengths we chose to perform the measurement using real-time acquisition and subsequent spectral analysis of the recorded signal, see Fig. 5(c) . In this scheme we used a coherent receiver (Agilent optical modulation analyzer) with a narrow linewidth laser (NLWL) as external local oscillator (LO). The receiver has an electrical bandwidth of 32 GHz per in-phase and Fig. 4 . Experimental setup of the ultra-broad spectrally sliced comb. The output spectrum of the mode locked laser (MLLVErgo-XG, repetition rate 12.5 GHz) is displayed in the first inset (aVshown in green). The MLL pulses are amplified and filtered in a 5 nm bandpass filter. The amplified pulses are split, and one path is passed through and the other path is spectrally broadened in a highly nonlinear photonic crystal fiber (bVshown in redVHNLF). A waveshaper (WS) performs the spectral slicing and composing to generate the output spectrum (cVshown in green and red). The suppression of the neighboring spectra at one of the edges is shown (d). The suppression at the carriers next to the edges is 9 16 dB. For all other carriers, a suppression 9 30 dB, typically 40 dB is achieved.
per quadrature channel and a sampling rate of 80 GSa/s per channel. The NLWL had a linewidth of approximately 1 kHz, and the down-converted optical pulse train of the MLL was recorded for a time span of 12.5 ms. The advantage of this new technique is that we can restrict the data acquisition to a time interval within which the relative laser frequency drift is significantly smaller than the linewidth. This way there is no need for performing active wavelength tracking even though the frequency might drift over several kHz within a few seconds. This slow frequency drift, however, is not critical for optical communication systems, as the frequency offset compensation in coherent receivers can easily compensate for it.
First, we analyze a subset of 2 28 samples (3.35 ms). Within this short time window, the influence of frequency drift of the two lasers is marginal. After performing a fast Fourier transform (FFT) on the temporal data, we analyze each of the 5 MLL lines within the receiver bandwidth of 64 GHz centered on 1550 nm. To this end, we process spectra with a width of 2 15 samples ($9.8 MHz) centered at each MLL line. All spectral lines look alike, so that we only picture one line in Fig. 5 . The full-width half-maximum (FWHM) of the power spectra of all five analyzed lines is found to be 1.9 kHz. The FWHM of a Lorentzian fit, red lines in Fig. 5(a), (b) , and (d), is 2.2 kHz. Because the sidelobes at AE590 kHz were included in the fitting process and because of the limitation in the sampling duration and the 1 kHz linewidth of the reference laser, the inferred line width is a worst-case estimate of the actual 3 dB bandwidth.
Next, we process the full data set. In this case, the spectra are distorted by the drift of the two lasers, Fig. 5(d) . For the recorded 5 MLL lines we observe linewidths between 260 Hz and 1.33 kHz. From these measurements, we conclude that the characterized modes of the MLL have a linewidth of approximately 1 kHz. The sidelobes to be seen in Fig. 5 were also observed when investigating the MLL spectra with self-heterodyne measurements. However, due to environmental fluctuations, this measurement was not suitable for determining the linewidth.
CNR and OCNR Characterization of the Comb Source
The signal-to-noise ratio (SNR) and therefore the minimum carrier-power to noise-power-density ratio (CNR) have to be as large as possible in order to allow for reliable transmission of information.
We first implemented the comb source to study advanced multiplexing schemes at aggregate data rates beyond 10 Tbit/s [8] , [16] . When investigating the noise characteristics in these experiments, we observed circular noise Bclouds[ around all constellation points. A statistical analysis of the error vector pointing from a nominal constellation point to the momentarily received signal yields the distribution of the noise in the system. From our statistical analysis in [8] , we inferred a Gaussian distribution of the corresponding noise [8] . We conclude from these observations that the limiting factor for the signal quality is additive Gaussian noise due to amplified spontaneous emission in the optical amplifiers in the system, and not the phase noise of the optical carriers themselves. In the presence of significant phase noise the distribution of the received constellation points would have been distorted in an angular direction.
Next, we measured the CNR of the optical comb source. The CNR is defined as the ratio of the carrier-power P C and the noise-power-density N 0 at the position of the carrier CNR ½dBHz ¼ 10log 10 P
Here, the noise power density N 0 is normalized to a bandwidth of Áf ¼ 1 Hz. Characterization setup, measurement principle, and results of the CNR measurement are shown in Fig. 6 . To measure the noise floor between the carriers with a spacing of 12.5 GHz, we used a high resolution optical spectrum analyzer (Apex AP2050A). The comb generated by spectral slicing Fig. 6 . Carrier-power to noise-power-density ratio (CNR) characterization of the comb source. (a) For the characterization of the CNR, the generation of spectra is implemented as illustrated in Fig. 4 . Instead of equalization and spectral slicing, the waveshaper (WS) extracts 60 GHz out of the generated spectra (see top right) around the carrier to be characterized. A low noise EDFA amplifies the excerpt for characterization in the Apex AP2050A high resolution spectrum analyzer. The CNR is measured as illustrated in (b). The peak of the carrier is measured and the noise is determined by pseudo linear interpolation between the minima between the measured carrier and its neighbors. The obtained CNR values are shown in the plot (bottom right). has been implemented as described in Section 4 and Fig. 4 . The waveshaper (WS) now serves a different purpose. It is programmed to realize a bandpass filter function with a 3 dB bandwidth of 60 GHz. The center of the bandpass coincides with the carrier of interest. The filtered spectrum is then amplified in a low noise EDFA (not depicted in Fig. 4 , noise figure NF ¼ 3:7 dB) to increase the power of the measured noise to a value significantly larger than the receiver noise of the spectrum analyzer. To ensure that the measurement is not limited by the electronic noise of the spectrum analyzer, the spectra are measured with three different resolution bandwidths of 50 pm, 20 pm, and 10 pm. The noise level at the carrier frequency is determined by linear interpolation between the noise levels on both sides of the carrier, see illustration in Fig. 6(b) . All noise density measurements are normalized to a reference bandwidth of 1 Hz. Noise density measurements with different resolution bandwidths deviated by less than 0.6 dB, therefore electronic noise had only minimal influence on the measurement. Both, the amplified seed and the broadened spectrum, were present at the waveshaper inputs simultaneously during the CNR measurements.
In optical communication systems, a commonly used measure for communication signals is the optical signal-to-noise ratio (OSNR), which is given as the signal power in relation to the noise power density normalized to a bandwidth of 0.1 nm. This measure was established for historic reasons as 0.1 nm used to be the minimum resolution of optical spectrum analyzers. We therefore also provide the OCNR OCNR ½dBð0:1nmÞ ¼ 10log 10 P Fig. 4(d) . It varies between 114 dBHz (13 dB (0.1 nm)) and 140.6 dBHz (39.6 dB (0.1 nm)) over the measured bandwidth of 9.5 nmVhere, we measured the CNR also measured across the spectral lines that were removed by the filter. The CNR of the broadened spectrumVthe red part that was used to generate the spectrum in Fig. 4(d) and without the central green partVvaries between 126.8 dBHz (25.8 dB (0.1 nm)) and 136 dBHz (35 dB (0.1 nm)). The CNR of the broadened spectrum that was replaced by the amplified seed spectrum was measured as well. We found that the CNR in this region was heavily fluctuating as one would expect from our discussion in Section 2. As a result we found scattered red dots as seen in Fig. 6(d) . It should be mentioned that we sliced the spectrum at the points, where the carriers of the amplified seed and the broadened spectrum had a similar CNR and also a similar power. The plots in Fig. 6(c) and (d) also show that there was a strong correlation between the CNR and the power of the individual lines.
One might argue that this measurement scheme might underestimate the CNR for real operating condition, as the central part of the comb is attenuated by up to 25 dB and noise crosstalk from the inner part of the broadened spectrum might occur. This is not the case. The input spectrum to the HNLF has the same power as the input to the waveshaper for the center part of the spectrum. Therefore, the noise levels in between the lines for both spectra are similar. This crosstalk noise is at least 20 dB below the noise of the attenuated original spectrum due to the additional insertion loss of the HNLF (9 5 dB) and the extinction of the waveshaper (9 40 dB).
To put these numbers in relation, we provide the required SNR for transmission of two of the most common modulation formats for current and next generation communication systems. The SNR needed to transmit a polarization multiplexed 12.5 GBd QPSK or 16QAM signal with a bit error ratio of 2 Â 10 À3 is 10 or 16 dB, respectively [32] . The maximum symbol rate for our frequency comb with a spacing of 12.5 GHz is 12.5 GBd at Nyquist channel spacing [8] . For this symbol rate, the SNR is approximately equal to the OCNR. Thus, our frequency comb provides a carrier quality that is sufficient for an SNR larger than 25.8 dB for all carriers.
Conclusion
We present a scheme for the generation of broad frequency combs via self-phase modulation. Differently broadened spectra are sliced and combined to a compound spectrum. Unstable, lowpower spectral portions with a low CNR are removed and replaced with stable parts of the differently broadened spectra. A mode locked laser with a mode-linewidth of approximately 1 kHz serves as a seed spectrum. The generated frequency comb has 325 optical carriers and covers a bandwidth larger than 4 THz. We measured carrier-power to noise-power-density ratios (CNR) between 118.6 dBHz and 104.6 dBHz with 1 Hz reference bandwidth (39.6 dB(0.1nm) and 25.9 dB(0.1nm) with 0.1 nm reference bandwidth) for the regions of interest. The carrier quality suffices for transmission of multiple terabit/s using 16QAM [8] , [16] with aggregate data rates of up to 32.5 Tbit/s [8] .
